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Precise intrathymic cell migration is important for
thymocyte maturation and organ architecture. The
orchestration of thymocyte trafficking, however, is
not well understood at a molecular level. Here, we
described highly regulated plexinD1 expression on
CD4+CD8+ double positive (DP) thymocytes. Plex-
inD1 expression was further affected by the engage-
ment of T cell receptor complex. Activation of
plexinD1 via the ligand, semaphorin 3E, repressed
CCL25 chemokine signaling via its receptor CCR9
in CD69+ thymocytes. In the absence of plexinD1,
CD69+ thymocytes remained in the cortex, maturing
to form ectopic single positive (SP) thymocyte clus-
ters in Plxnd1-deficient fetal liver cell-transplanted
mice. As a consequence, the boundary between DP
and SP thymocytes at corticomedullary junctions
was disrupted and medullary structures formed
under the thymic capsule. These results demonstrate
the importance of plexinD1 in directing migration of
maturing thymocytes via modulation of biological
responses to chemokine gradients.
INTRODUCTION
Thymic ontogeny is a finely coordinated multistep process in-
volvingmaturation of incoming bonemarrow-derived precursors
into immunocompetent T lymphoid cells. A complex set of inter-
actions drives this progression including bidirectional signaling
between developing thymocytes and thymic epithelial cells
(TECs) along with cues from chemokine gradients (Anderson
and Jenkinson, 2001). The thymic capsule and TEC precursors
originate from a single third pharyngeal pouch after its discon-
nection from the third cleft ectoderm (Rodewald, 2008). Thymic
organogenesis begins upon thymocyte precursor migration to
the thymic anlage. As incoming thymocytes pass through the ini-
tial stages of differentiation, they are first classified as double
negative (DN) by the lack of expression of CD4 and CD8 and fur-
ther characterized by the expression of CD44 and CD25. These
immature DN thymocytes induce the development of thymic cor-888 Immunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc.ticomedullary structures by affecting the development and pro-
liferation of cortical thymic epithelial cells (cTECs) or medullary
thymic epithelial cells (mTECs) (Rossi et al., 2006). Cortical struc-
ture is disorganized in the thymus of human CD33 transgenic (Tg)
mice in which T cell development is blocked at the CD44+CD25
DN1 stage but cortical structure is well organized in Rag2/
mice in which T cell development is blocked at the CD44CD25+
DN3 stage, suggesting that DN3 thymocytes or CD4CD8
thymocytes expressing CD44 and CD25 (DN2) are required for
well-organized corticomedullary structure (Klug et al., 1998). In
addition, there is evidence that mTEC development and prolifer-
ation require CD4+ or CD8+ single positive (SP) thymocytes;
thus, mTECs do not develop in mice lacking mature T cells
(Shores et al., 1994), whereas transplanted mature SP T cells in-
duce a thymic medullary structure in severe combined immuno-
deficiency (SCID) mice (Surh et al., 1992). These results suggest
that the distribution of maturing thymocyte subpopulations may
affect thymic architecture and that analysis of the intrathymic
migration of hematopoietic and epithelial components is impor-
tant in understanding thymic organogenesis.
Thymocyte subpopulations express distinct chemokine re-
ceptor patterns, in part mandating their differential intrathymic
migration patterns (Ansel and Cyster, 2001). For example, DN1
cells migrate to the thymic capsule in response to the CXCR4
ligand CXCL12 (also known as SDF1) produced by the thymic
cortex (Plotkin et al., 2003). The CD44+CD25intCD4CD8
(DN1-2 intermediate) cells respond to CCR7 ligands (including
CCL19, also known as MIP3b, and CCL21, also known as
6Ckine) fostering migration to and retention in the subcapsular
zone (Misslitz et al., 2004). Although resting CD4+CD8+ double
positive (DP) thymocytes are CCR9+, they do not respond to
CCR9 ligand (CCL25, also known as TECK); however, activated
DP thymocytes expressing both CCR9 and CCR7 respond to
CCL25, CCL19, and CCL21. Mature CD4+CD8 or CD4CD8+
single positive (SP) thymocytes respond to CCL19 and CCL21
and migrate to the medulla in which tissue-specific self-pep-
tide-MHC complexes are provided to the maturing thymocytes,
further facilitating removal of potentially autoreactive T cells
(Ueno et al., 2004).
It is clear that there are substantial gaps in our current under-
standing of the signals mediated by chemokines and their recep-
tors during thymic development. For example, CCL19 and
CCL21 effects are pleiotropic, directing DN1-2 intermediate
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and SP thymocytes tomove to themedulla, and directingmature
SP thymocytes to exit the thymus (Ueno et al., 2002; Misslitz
et al., 2004; Ueno et al., 2004). Furthermore, activated DP thymo-
cytes respond to CCL25 expressed in the cortex and to CCL19
and CCL21 expressed in the medulla. Interestingly, CCL25 is
provided by the cTECs (Wurbel et al., 2000), whereas CCL19
and CCL21 are expressed both in the medulla and the thymic
capsule (Misslitz et al., 2004; Ueno et al., 2004). During positive
selection, thematuring thymocytes are capable of receiving both
signals because activated CD69+ DP thymocytes express CCR7
and CCR9. Nevertheless, after positive selection, these thymo-
cytes migrate rapidly to the medulla, despite the CCL25 cortical
gradient (Uehara et al., 2002). Therefore, a fundamental issue is
to understand how activated thymocytes repress CCR9 signal-
ing to allow their efficient CCR7-mediated migration to the
medulla.
Because these complex chemokine networks suggest the ex-
istence of additional molecular pathways that regulate intrathy-
micmigration of DP and SP thymocytes, we examined the global
gene-expression patterns of sorted developing thymocytes in
order to identify such thymocyte subset-restricted molecules.
We found that Plxnd1 mRNA is highly expressed in DP thymo-
cytes and rapidly repressed thereafter. Recently, plexinD1 to-
gether with its ligand, semaphorin 3E (sema3E), was shown to
play a critical role in directing angiogenesis (Kruger et al.,
2005). Plxnd1 deficiency results in defective developmental sep-
aration of the aorta and the pulmonary artery as well as inappro-
priate infiltration of blood vessels into somites during embryo-
genesis (Gitler et al., 2004; Gu et al., 2005). Given the precisely
regulated expression of Plxnd1 in thymocytes, we hypothesized
that the directional control exerted by other plexins and sema-
phorins during neuronal axon pathfinding (Kruger et al., 2005)
and by plexinD1 in angiogenesis (Gitler et al., 2004; Gu et al.,
2005) is exploited for control of thymocyte migration during thy-
mic development. The in vitro and in vivo studies presented
herein show that this is the case.
RESULTS
Global Gene-Expression Analysis with DP,
CD8 Intermediate and CD8 SP Thymocytes
To identify genes differentially expressed during positive selec-
tion, we analyzed global gene-expression patterns by using
sorted DP, CD8 intermediate and CD8 SP thymocytes from
5- to 6-week-old homozygous N15TCR Tg Rag2/ H2b mice
(Figure 1A). This TCR is specific for the immunodominant vesic-
ular stomatitis virus nucleoprotein octapeptide (VSV8) bound to
H-2Kb (Shibata et al., 1992). Hence, on theRag2/ background,
no CD4 SP thymocytes are generated (Ghendler et al., 1997).
Figure 1B represents the hierarchal clustering of those genes
among the 45,102 assayed whose alteration showed a lower
confidence bound (LCB) value >2.0 in two independent samples
of N15TCR Tg Rag2/ H2b DP, CD8 intermediate and CD8 SP
thymocytes.
Four patterns of gene expression were evident with patterns I
(induction) and II (repression) appearing much more frequently
than patterns III and IV (Figures 1B and 1C and Figure S1 avail-
able online), which exhibited differential expression of genes inthe CD8 intermediate subset (Figure S1). In pattern I, the expres-
sion of genes was low in DP thymocytes and increased succes-
sively in the intermediate and CD8 SP thymocytes (Figures 1B
and 1C). Among the greatest induction was that of Itgae encod-
ing CD103 (aE integrin), which underwent a 42-fold change
(LCB = 22.52) from DP to CD8 SP thymocytes. Interestingly, hu-
man mTECs were recently shown to express E-cadherins, the li-
gand for the aE (CD103) b7 integrin (Kutlesa et al., 2002). These
findings provide one of several independent validations of our
current expression-array data. Also upregulated was Klrd1 (killer
cell lectin-like receptor subfamily D member 1), encoding
CD94, which forms CD94-NKG2 heterodimers and belongs to
the group of C-type lectins expressed on 50% of splenic NK
cells and a subset of CD8+ T cells, binding to Qa1 in mice and
Figure 1. Global Expression Analysis of DP-to-CD8 SPDevelopment
in N15 TCR Tg Rag2/ H-2b Mice
(A) Thymocytes of N15TCR Tg Rag2/ mice were stained with anti-CD8a-
FITC and anti-CD4-PE. Three different populations were sorted on the basis
of the CD4 cell surface expression: ‘‘DP’’ represents CD8hiCD4hi, ‘‘Int’’ repre-
sents CD8hiCD4int (intermediate population), and ‘‘CD8 SP’’ representsmature
CD8 single positive. Total RNA was isolated from sorted thymocytes and
used for microarray analysis as described in the Supplemental Experimental
Procedures.
(B) Hierarchical clustering was performed with genes that show significant
changes (LCB > 2.0).
(C) Gene-expression patterns I and II as noted in (B). The 391 genes showing
an increase during maturation were clustered in pattern I. The 328 genes
that decreased (LCB < 2.0) with maturation cluster to make up pattern II.
Pattern III and IV are altered in the ‘‘Int’’ population only and documented in
Figure S1.Immunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc. 889
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PlexinD1 on Thymocytes
(A) A lysate of surface biotinylated thymocytes
from 3- to 4-week-old B6 mice was prepared.
After preclearing with goat IgG agarose, samples
representing 2 3 107 cells were incubated with
preimmune Ab, affinity-purified anti-plexinD1 IC
or with the same Ab plus a 150-fold molar excess
of the immunizing peptide or an irrelevant control
peptide. After SDS-PAGE and transfer, the mem-
brane was probed with streptavidin-HRP.
(B) Immunoblotting with affinity-purified anti-plex-
inD1 IC on lysates of 293T cells transfected with
human PLXND1 cDNA, 293T cells transfected
with an irrelevant control cDNA, primary thymo-
cytes, and NIH 3T3 mouse fibroblasts separated
by SDS-PAGE (8%).
(C) Paraffin sections were stained with indicated
anti-plexinD1 EC, IC, or preimmune serum as
a control. Sections were counterstained with
Mayer’s hematoxylin.
(D) Single-cell suspensions were prepared from
the indicated organs of C57BL/6 mice. Total cell
lysates were resolved on 6%SDS-PAGE and blot-
ted with anti-plexinD1 IC and anti-actin antiserum
(B, bone marrow; T, thymus; L, lymph node; and
S, spleen).
(E) Total RNAswere isolated from sorted thymocyte populations and used for cDNA synthesis. Synthesized cDNAwas used for real-time PCR analysis according
to the manufacturer’s instructions (ABI). Normalized values with GAPDH real-time PCR values with the same cDNA as a control were converted to percentage of
maximum value (value of DP thymocyte population). Error bars represent the standard error of three independent experiments.
(F) Single-cell suspensions of B6 thymocytes were prepared and then stimulated with the indicated combinations of mAbs for 6, 12 and 24 hr. Total cell extracts
were prepared from stimulated cells after removal of dead cells with Histopaq (Sigma, MO) and analyzed by immunoblotting with anti-plexinD1 IC. This figure is
representative of three independent experiments. The graph shows quantitated-plexinD1 band intensities normalized as percentage of untreated sample.its human homolog, HLA-E in human (Vance et al., 1998). Apo-
ptosis in CD8+ T cells and NK cells is inversely related to CD94
expression, suggesting that CD94 plays an important role in
maintenance of CD8+ T cells (Gunturi et al., 2003). Not surpris-
ingly, other genes such as Slfn1 involved in growth regulation
are upregulated as well (Schwarz et al., 1998).
Pattern II consists of genes whose expression was reduced
during successive maturation (Figure 1C). Rag1 was reduced
by 93% as expected because TCR rearrangements are com-
pleted during the DP thymocyte stage (Turka et al., 1991).
Rorc, a T lineage-specific isoform of ROR, found only in imma-
ture DP thymocytes and important in their survival (Sun et al.,
2000), showed a 91% decrease during the DP-to-CD8SP transi-
tion. The reduction of Glcci1, which encodes glucocorticoid
(GC)-induced transcript 1, with maturation correlated with the in-
creased GC resistance of mature thymocytes (Reichardt et al.,
1998). Although not shown, Cd4 gene expression underwent
the greatest reduction during the DP-to-SP thymocyte transition
with levels falling 99.9% (LCB = 9.86). Plxnd1 gene expression
was also dramatically repressed during the DP-to-CD8-SP thy-
mocyte transition, exhibiting a 98% decrease (LCB = 10.63).
PlexinD1 is a large (200 Kd) transmembrane glycoprotein and
is a recent addition to the plexin family, other members of which
are associated with neuronal axon pathfinding. A recent report
identified sema3E as a functional ligand for plexinD1 (Gitler
et al., 2004). Sema3E is a secreted protein and induces a repul-
sive signal on plexinD1+ endothelial cells to prevent blood-vessel
formation (Gu et al., 2005). The identification of plexinD1 in
directing endothelial cell migration and developmental angio-890 Immunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc.genesis led us to analyze the relationship between plexinD1
and intrathymic migration.
PlexinD1 Is Highly Expressed in DP Thymocytes
In situ hybridization with antisense Plxnd1 cRNA showed Plxnd1
expression in N15TCR Tg Rag2/ and B6 thymi in many cortical
thymocytes but not medullary thymocytes (Figure S2), consis-
tent with our expression-array results. In addition, rabbit antisera
(anti-plexinD1 intracellular domain [IC]) raised against a cytoplas-
mic plexinD1 peptide (LEEQAEKRGISDPD) specifically reacted
with a protein band of 220 Kd in thymocyte lysates and could
be absorbed with the immunizing peptide but not a control
peptide (Figure 2A). The same size band was identified in
human PLXND1-transfected 293T cells and murine thymocytes
(Figure 2B). Moreover, immunohistological staining of B6 thymus
with an ectodomain peptide-specific Ab (anti-plexinD1 extracel-
lular domain [EC]) and our anti-plexinD1 IC (C4992) showed
staining of similar intensity in the cortex but a virtual absence
of medullary staining (Figure 2C).
Within the hematopoietic system, plexinD1 protein expression
was largely, if not exclusively, restricted to thymocytes and ab-
sent from bone marrow cells, lymph node cells and splenocytes
(Figure 2D). Real time PCR analysis showed strong Plxnd1 ex-
pression in DP thymocytes but not in DN thymocytes or CD8
SP thymocytes whereas low expression was observed in CD4
SP thymocytes (Figure 2E). Repression of Plxnd1 mRNA in ma-
ture SP thymocytes suggested that TCR signaling may be in-
volved in the regulation of plexinD1 expression. Costimulation
of total thymocytes with anti-CD3 and anti-CD8a or anti-CD4
Immunity
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(A) Purified plexinD1 ectodomain (plexinD1-Fc), sema3E (sema3E-Fc), and sema3F (sema3F-Fc) proteins were analyzed by Coomassie brilliant blue staining after
being resolved by SDS-PAGE. The interaction of plexinD1-Fc and sema-Fc proteins was analyzed with BIAcore as described in the Supplemental Experimental
Procedures.
(B) PlexinD1-Fc was conjugated to UltraLink Biosupport (Pierce, NJ). Sema3E-Fc and sema3F-Fc were incubated with crosslinked plexinD1-Fc. After washing,
proteins were eluted by boiling in protein sample buffer and analyzed by Coomassie brilliant blue staining after resolution on SDS-PAGE. Control is unconjugated
UltraLink Biosupport resin. ‘‘3E’’ refers to sema3E-Fc and ‘‘3F’’ refers to sema3F-Fc as a negative control.
(C) Total thymocytes were stained for CD4, CD8b, and CD69. The upper-left panel shows the CD4-CD8b pattern and the numbers on gated regions are the per-
centage of total thymocytes. The upper-right histograms show the expression of CD69 in the indicated subpopulations. The darker-gray area of the histogram
indicates CD69 staining and the light gray indicates control antibody staining. Lower panels showCD69 andCD69+ thymocytes stainedwith purified sema3E-Fc
(10 mg/ml) (blue) or Fc-only protein (red) developed with anti-mouse IgG2c-PE. The fluorescence of sema3E-Fc is plotted in the indicated thymocyte populations.
The histogram for CD69+ DN cells is omitted because of the low cell number.
(D) Indicated regions were collected as described in the Experimental Procedures. Total RNAs were isolated and used for cDNA synthesis. Real-time PCR was
performed as described in Figure 2E. The error bar represents the standard error of four independent experiments. SC, subcapsullary zone and thymic capsule;
C, Cortex; J, corticomedullary junction; and M, medulla.repressed plexinD1 expression over time (Figure 2F, lower
panels). Stimulation of total thymocytes, however, with anti-
CD3 alone did not reduce plexinD1 expression (Figure 2F, up-
per-left panel) although CD69 expression was induced to similar
amounts in all stimulation conditions (data not shown). Anti-CD3
plus anti-CD28 stimulation modestly reduced plexinD1 protein
on immunoblot analysis (Figure 2F, upper-right panel). Quantita-
tive densitometry of this experiment (Figure 2F, right graph)
showed that CD4 or CD8 coreceptor crosslinking in conjunction
with anti-CD3 was important in downregulating plexinD1 protein
expression. The data lead to the proposal that conjoint TCR and
coreceptor stimulation by peptide-MHC may modify the migra-
tory potential of thymocytes through modulation of expression
of plexinD1, altering the response to directional cues from
sema3E or other potential ligands. Subsequent experiments
were aimed at testing this notion.
Purified Semaphorin3e Binds to PlexinD1
on Thymocytes
To date, the only clearly defined ligand of plexinD1 is sema3E,
although one recent report suggests that sema4A may also be
a ligand (Toyofuku et al., 2007). We constructed both sema3E
and sema4A as C-terminal Fc-fusion constructs (termedsema3E-Fc and sema4A-Fc, respectively) and observed nano-
molar binding of the former but no detectable binding of the latter
(data not shown). We thus focused on whether the specific
sema3E-plexinD1 interaction affected thymocyte migration and
differentiation. For this purpose, in addition to sema3E-Fc, we
produced the ectodomain of mouse plexinD1 as a C-terminal
Fc-fusion construct (termed plexinD1-Fc). PlexinD1-Fc purity
was assessed as R95% by Coomassie blue gel staining after
S200 gel filtration (Figure 3A, insert). Sema3E and sema3F
(a negative control protein) contain a furin cleavage site between
the sema and the Fc domains. The intact fusion proteins run at
125 Kd, but cleavage at the furin site liberated an 80 Kd
stalk-Fc fusion fragment, most evident in the sema3E-Fc protein
lane. The lower band did not bind plexinD1 (Figure 3B). The bind-
ing as observed in SPR analysis yielded an apparent KD for the
plexinD1-sema3E interaction of 43.4 nM (Figure 3A). Sema3E
but not sema3F demonstrated the capacity to bind plexinD1.
To confirm the interaction with a second method, we immobi-
lized plexinD1 ectodomain on beads and tested its efficacy at
pulling down sema3E-Fc protein. By Coomassie blue gel stain-
ing, sema3E-Fc was clearly bound to beads crosslinked with
plexinD1-Fc but not to control beads (Figure 3B), and no binding
was observed with sema3F-Fc. Testing sema3E binding toImmunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc. 891
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or CD69+) and CD69+ CD4 SP thymocytes showed strong
binding, CD69+ CD8 SP thymocytes showed intermediate bind-
ing, and DN and CD69 SP thymocytes showedminimal binding
(Figure 3C). Thus, DP thymocytes and CD69+ maturing thymo-
cytes expressed surface plexinD1 able to bind sema3E. Be-
cause sema3E is the only known ligand for plexinD1, it was crit-
ical to establish not only whether sema3E is expressed in the
thymus but also its spatial expression before any model of plex-
inD1 influence on thymocyte migration can be formulated. The
very low amounts of sema3E expressed in thymus together
with poor availability of high-quality sema3E antibody reagents
hampered such analysis at the protein level. Nevertheless, clear
detection of Sema3e transcript in thymic total RNA by RT-PCR
led us to analyze thymic regional Sema3e transcript expression
by using laser capture microdissection (LCM). Sema3e was ex-
pressed very highly in the medulla in comparison to the cortico-
medullary junction, cortex, and subcapsullary zone (Figure 3D),
and Sema3e expression correlated reciprocally with those of
the Plxnd1 transcript (Figure 2E and Figure S2). These results
suggested that soluble sema3E protein may form a gradient
from the medulla to the thymic capsule and regulate migration
of plexinD1+ thymocytes.
Sema3E Inhibits CCR9-Mediated CD69+ DP Thymocyte
Migration
On the basis of its established role in guiding vessel directionality
during angiogenesis (Gu et al., 2005), we speculated that plex-
inD1 may function in controlling thymocyte migration during
the DP-to-SP transition. To test this notion, we developed a
transwell-based migration assay. Sema3E-Fc alone had no ef-
fect on thymocyte migration, suggesting that the sema3E-plex-
inD1 interaction does not directly induce a change in migratory
pattern, perhaps because of a requirement for more than one
ligand-receptor interaction (data not shown). Accordingly, we
examined whether sema3E would inhibit CCR9 and CCR7 che-
mokine-mediated migration of thymocytes responding in vitro
to the ligands CCL25 and CCL19-CCL21, respectively. It is
known that CCL25 inducesmigration of activated CD69+ DP thy-
mocytes to cTECs (Campbell et al., 1999; Wurbel et al., 2000).
The majority of DP thymocytes express CCR9 but in the resting
state do not respond efficiently to the CCL25 ligand expressed in
the cortex. In contrast, CCL19 and CCL21 induce migration of
activated CCR7-bearing CD69+ DP thymocytes as well as ma-
ture SP thymocytes to the medulla. In the transwell migration as-
say, CCL25 induced the migration of CD69+ TCRhi DP thymo-
cytes, whereas CCL21 primarily induced mature CD4 SP
thymocyte migration (Figure 4A). The effect of sema3E-Fc was
specific, inhibiting CCR9-mediated total CD69+ thymocyte mi-
gration efficiently but having only a weak effect upon CCR7-me-
diated migration (Figures 4A and 4B). Although not shown, no ef-
fect on migration by CCL21 or CCL25 was observed either with
sema3F-Fc or Fc protein alone.
Although both CD69+ and CD69 DP thymocytes expressed
high amounts of CCR9 (Figure 4C), CD69 DP thymocytes did
not migrate in the in vitro transwell assay, suggesting that TCR
stimulation may alter intracellular signaling pathways, thereby
making cells competent to respond to migrational cues. In sup-
port of other signaling pathways contributing to thymocyte892 Immunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc.migration (Swainson et al., 2005), we found that both CD69
and CD69+ TCRlo DP thymocytes could migrate in response to
CXCL12 in the transwell assay, presumably binding to CXCR4
widely expressed in the thymus (Figure S3). Further, this re-
sponse could be efficiently inhibited by sema3E but not by the
related sema3F, supporting involvement of thymocyte-ex-
pressed plexinD1 in modifying signaling cues for migration.
Comparison of our results suggests that CCL25 induction of
CCR9 signaling may be more sensitive to inhibition by sema3E
than CXCL12 induction of CXCR4 signaling (data not shown).
In contrast, CCL21-mediated migration directly correlated with
CCR7 expression, consistent with earlier studies of DP thymo-
cytes in CCR7 transgenic mice, implying that CCR7 signals are
not dependent on TCR stimulation (Kwan and Killeen, 2004)
and CCR7 uses different signaling molecules than CCR9 or
CXCR4. Interestingly, CD69 CD4 SP thymocytes expressed
high CCR7 but no CCR9, whereas CD69 CD8 SP thymocytes
expressed low amounts of both CCR7 and CCR9 (Figure 4C).
Hence, CD69 CD8 SP and CD69 CD4 SP thymocytes may
respond differently to the surrounding chemokine environment.
Intrathymic Localization of Activated CD69+ TCRhi
Thymocytes
Because sema3E-Fc inhibited CCL25-mediated migration of
CD69+TCRhi thymocytes but not CCL21-mediated migration,
we evaluated whether plexinD1 deficiency might affect the che-
mokine responsiveness of CD69+ TCRhi thymocytes and thereby
alter their distribution in the thymus. To this end, we examined
Plxnd1/ embryos. Sections of 14.5 days postcoitum (dpc) em-
bryos showed that thePlxnd1/ thymuswas disorganized com-
pared to the wild-type control embryonic thymus, with no clear
cortical-medullary demarcation (Figure S4). These findings sug-
gest that plexinD1 expression is necessary for establishment of
a normal thymic architecture. PlexinD1 expression is also essen-
tial for normal vasculature development (Gu et al., 2005), and the
Plxnd1/ embryos were smaller than wild-type controls and
had the truncus artery as reported (Gitler et al., 2004). Further-
more, Plxnd1/ embryos (18.5 dpc) had two separated thymic
lobes in the subclavian region, whereas wild-type controls had
a single fused thymus above the heart (Figure S5). These results
were observed in all Plxnd1/ embryos analyzed at this age
(more than 20 embryos) as well as in neonatal Plxnd1/ mice.
To exclude that this thymic phenotype was simply a conse-
quence of vascular alteration or developmental retardation, we
performed fetal liver cell transplantation transferring Ly5.2+
Plxnd1/ or Plxnd1+/+ fetal liver cells into irradiated Ly5.1+
C57BL/6 congenic mice. In this instance, the recipient thymic in-
frastructure is normal; thus, the effects of plexinD1 expressed on
the transplanted developing thymocytes can be directly evalu-
ated. T cell development was analyzed 4–5 weeks after reconsti-
tution. To confirm the reconstituting genotype, we first stained
thymocytes with sema3E-Fc. Sema3E-Fc bound to Ly5.2+
Plxnd1+ fetal-liver-derived DP and CD4 SP thymocytes in a fash-
ion similar to that of the corresponding thymocytes of wild-type
C57BL/6 mice. In contrast, and as expected, sema3E-Fc did not
bind to Ly5.2+ Plxnd1/ fetal-liver-derived DP and CD4 SP thy-
mocytes (Figure S6C).We thus conclude that plexinD1 is the only
surface receptor on thymocytes capable of detectable interac-
tion with sema3E. Analysis of Ly5.2+ thymocytes, lymph node
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B220 yielded similar results for Plxnd1/ and Plxnd1+/+ recon-
stituted animals (Figures S6A and S6B). Likewise, analysis of
other cell surface markers including CD2, CD5, CD44, and
CD25 revealed no differences between Ly5.2+ Plxnd1/ and
Ly5.2+ Plxnd1+/+ thymocytes (data not shown).
Figure 4. Inhibition of Chemokine-Mediated Migration by sema3E-Fc
(A) Migration assays were performed in 24-well transwell plates with a 5 mmpore size. Cells were added to the insert and the indicated chemokines were added to
the bottom well with purified sema3E-Fc or Fc-only protein. After 2 hr, cells that had migrated to the bottom well were harvested and stained with anti-CD4, anti-
CD8a, anti-CD69, and anti-TCRb. The mock in the top panel is a sample without chemokine treatment. CCL25 was added to the bottom well in the left set of
panels and CCL21 to the right set. The concentration of S3E (sema3E-Fc) is indicated on the right of each panel. In the middle panels, the CD4-CD8 patterns
of the CD69+ cells that migrated to the bottom of the well are shown for the CCL25- and CCL21-treated cultures. More than two-thirds of CD69+ thymocytes
were DP in CCL25-treated and less than one-quarter were DP in CCL21-treated cultures.
(B) An aliquot of cells harvested from A was counted and the number of CD69+ thymocytes migrating in response to CCL25 or CCL21 in the presence of various
concentrations of sema3E was determined. Error bars are the standard error of one triplicate experiment.
(C) Single-cell suspensions were prepared from B6 thymus, stained with the indicated mAbs and analyzed on a flowcytometer. Data were analyzed using FlowJo
(TreeStar, Or). The upper left panel is a CD4-CD8 profile. CD69 expression in each gated population is depicted with dark gray above control staining in the upper
right panels. In the lower four sets of panels, CCR7 andCCR9 expression in each population (gated onCD69, CD4 andCD8 expression) are shown. The upper row
in each set of four shows samples stained with isotype control mAbs while the lower row shows those stained with anti-CCR7 and anti-CCR9. The numbers in the
panels are % of gated populations.Immunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc. 893
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CD69+ DP Thymocyte Migration and PlexinD1In thymic cryosections of fetal liver cell-transplanted mice
stained with anti-CD4, anti-CD8, and anti-CD69, the CD69+
Plxnd1+/+ thymocytes, like those of normal B6 mice, localized in-
side the medulla or adjacent to the corticomedullary junction. In
contrast, the majority of CD69+ Plxnd1/ thymocytes were
found outside themedullawith very fewCD69+Plxnd1/ thymo-
cyteswithin themedulla, implying that plexinD1 is important in di-
rectedmigration of activated thymocytes (Figure 5A). To examine
the effect of those CD69+Plxnd1/ thymocytes on thymic archi-
tecture, we analyzed the SP thymocyte distribution in the thymic
cortex. Retarded migration of activated DP thymocytes might
lead to an increase in cortex-localized SP thymocytes. To this
end, we stained thymic cryosections with anti-CD4, anti-CD8a,
andER-TR5, amarker of thymicmedullary eptithelium. Then, cor-
tex-localized SP thymocytes were enumerated. In magnified
Figure 5. Aberrations in Localization of
CD69+ Thymocytes andMedullary Structure
in Plxnd1/ Fetal Liver Cell-Transplanted
Thymus
(A) Cryosections of reconstituted mice were
stained with mAbs to CD4, CD8a, and CD69.
Stained sections were analyzed with a Carl Zeiss
LSM510 confocal microscope. The blue dashed
line follows the corticomedullary junction and the
solid white line shows the thymic capsule. This fig-
ure is representative of four independent trans-
plantation experiments. CD69 is depicted as white
spots in the upper-left section of each quartet and
as blue spots in the merged image in the lower-left
section of the same quartet. CD4 is green andCD8
is red. (Note that CD69+ cells coexpressing CD4
and/or CD8 appear in different colors.) The sec-
tions are from B6 mice, mice reconstituted with
Plxnd1+ or Plxnd1/ fetal liver cells (left, middle,
and right panels, respectively).
(B) Cryosections were stained with CD4 (green),
CD8a (red), ER-TR5 (blue; a marker of mTECs)
mAbs. Stained sections were analyzed as de-
scribed in (A) and represent magnified images of
inserts (A) and (B) shown in Figure S6A. The solid
line represents the corticomedullary junction and
the dashed line represents the boundary of SP thy-
mocytes. The graph depicts the distribution of SP
thymocytes in the cortex (ER-TR5 area), ana-
lyzed by plotting SP thymocyte numbers on the
basis of the size of SP thymocyte clusters in the
cortex. SP thymocyte clusters and the number of
cells per cluster were counted from five different
slides. The error bar represents the standard error.
(C) Medullary structures were visualized by stain-
ing paraffin sections of transplanted mice with he-
matoxylin and eosin. The indicated inserts in the
chimeric thymi from Plxnd1/ fetal liver cell do-
nors are magnified and the arrows highlight con-
tact between the medulla and the thymic capsule.
images, Plxnd1+/+ SP thymocytes in the
cortex were primarily single cells,
whereas large SP thymocyte clusters co-
localized with the medulla-specific ER-
TR5 staining (Figure 5B and Figure S7A,
merged image in the left panel). In con-
trast,Plxnd1/SP thymocytes localized in thecortexwere found
as SP thymocyte clusters and did not colocalize with medullary
ER-TR5 stained areas (Figure 5B and Figure S7A, merged image
in the right panel). This microscopic observation was supported
by quantitative analysis of SP thymocyte cell cluster size in the
cortex (Figure 5B).
Ectopic Medulla Formation in Plxnd1/ Fetal Liver
Cell-Transplanted Mice
It has been reported that SP thymocytes or activated thymo-
cytes can induce thymic medulla formation in a thymus without
a pre-existing medulla (Surh et al., 1992; Shores et al., 1994). It
therefore follows that abnormal accumulation of such cells in
a thymic cortex may influence medullary formation. In 90% of
Plxnd1/ fetal liver cell-transplanted mice, the corticomedullary894 Immunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc.
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trast, in B6 or Plxnd1+ fetal liver cell-transplanted mice, there
was a normal, well-demarcated alignment of SP thymocytes in
the medulla and DP thymocytes in the cortex (Figure S7B). Small
ER-TR5+ microscopic medullary structures were found to be
connected directly to the thymic capsule in >90% of Plxnd1/
fetal liver cell-transplantedmice (Figure S8) with large subcapsu-
lar medulla-like structures observed in approximately one-third
of the same mice (Figure 5C).
Localization of Activated CD69+ TCRhi Thymocytes in
Sema3e/ Mice
On the basis of the well-established interaction of plexinD1 with
sema3E,weanalyzedwhetherSema3edeficiency induces a sim-
ilar defect in CD69+ thymocyte migration and modifications of
thymic cellular organization. In thymic cryosections stained with
mAb to CD4, CD8a, and CD69, the CD69+ thymocytes from
Sema3e+/+ mice localized inside the medulla or adjacent to the
corticomedullary junction. In contrast, the majority of CD69+
thymocytes from Sema3e/ mice were found outside the me-
dulla, implying that sema3E is also important in directed migra-
tion of activated thymocytes (Figure 6A). Analysis of the overall
thymic structure of Sema3e/mice by histology with anti-kera-
tin8 and ER-TR5 mAbs revealed an even greater disturbance of
cortical and medullary organization than that observed in
Plxnd1/ fetal liver cell-transplanted thymi (Figure S9A). ER-
TR5+ regions were observed under the thymic capsule and colo-
calized with DP cell regions, identified by CD4 and CD8 staining
of adjacent sections, whereas there is a clear delineation of the
Figure 6. Aberrations in Localization of
CD69+ Thymocytes and Corticomedullary
Structure in Sema3e/ Thymus
(A) Cryosections were stained as described in
Figure 5A. The blue dashed line follows the corti-
comedullary junction and the solid white line
outlines the thymic capsule. This figure is repre-
sentative of three independent analyses. CD69 is
depicted as the white signal in the lower-left sec-
tion of each quartet. CD4 is green and CD8 is
red. The sections are from Sema3e/ mice and
Sema3e+/+ littermate controls. The white scale
bar represents 100 mm.
(B) Medullary structures from Sema3e/ mice
and Sema3e+/+ littermate controls were visualized
by staining paraffin sections with hematoxylin and
eosin. The scale bar represents 1 mm.
cortex and medulla corresponding to DP
and SP cell localization, respectively, in
Sema3e+/+ thymi. Histological examina-
tion of thymi fromSema3e/mice further
confirmed the lackof a clear delineationof
the corticomedullary junction (Figure 6B
and Figure S9B).
DISCUSSION
We showed that plexinD1-sema3E inter-
action regulated the CCR9 signals in acti-
vated CD69+ DP thymocytes such that these postselection cells
were induced to migrate to the medulla. As a consequence, in
Plxnd1/ fetal liver cell-transplanted mice or in Sema3e/
mice, there was an aberrant accumulation of CD69+ thymocytes
including SP thymocytes in the cortex. Formation of an abnormal
medulla from atopic localization of thesemature thymocyteswas
observed within the cortex, consistent with the finding that these
cells are known to inducemTECdifferentiation (Surh et al., 1992).
Our results clearly showed that plexinD1 and sema3E are impor-
tant in the directed migration of maturing thymocytes and in the
orderly formation of a well-demarcated thymic corticomedullary
structure. TCR triggering via positive selection at the DP thymo-
cyte stage stimulates a differentiation process that is synchro-
nized with directed cell migration such that mature SP thymo-
cytes are normally localized in the medulla. This process is
uncoupled by disruption ofPlxnd1 orSema3e. SP thymocyte de-
velopment can occur in mice whose thymus lacks a medulla as
a result of a defective lymphotoxin-beta signaling pathway (De-
Koning et al., 1997; Elewaut and Ware, 2007). These data are
in agreement with our finding that a thymic cortex can support
SP thymocyte development therein.
The plexins encode large (200 Kd) transmembrane glycopro-
teins with some domain similarity to the scatter factor receptors
encoded by the MET gene family and RON receptor tyrosine ki-
nases (Kruger et al., 2005). There are four plexin families (Plexin-
A, -B, -C, -D) that function as receptors formultiple subfamilies of
semaphorins, sometimes in the context of neuropilin-1 and neu-
ropilin-2, to control cell dissociation and repulsion in a variety of
tissue types. Approximately 20 vertebrate semaphorins areImmunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc. 895
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CD69+ DP Thymocyte Migration and PlexinD1known, classified in five distinct subfamilies (Kruger et al., 2005).
In the nervous system, the effects of secreted semaphorin-plexin
interaction on axonal pathfinding are generally repulsive (Kruger
et al., 2005). The cytoplasmic domain of each plexin contains
a GTPase activation domain (GAP) of 600 aa encompassing
a central Rac- or Rho-like binding motif (Suzuki et al., 2008).
This domain binds Rnd1, which may disrupt intrinsic GAP struc-
ture, thus fostering the increased self-directed GTPase activity
of R-Ras, in turn leading to less integrin-mediated adhesion to
the extracellular matrix (ECM) (Suzuki et al., 2008). PlexinD1
may regulate the migration of activated thymocytes in a similar
way by regulating integrin or other cell-adhesion-molecule-
mediated adhesion.
Defective migration of maturing thymocytes into the medulla
has been observed to lead to the failure of central tolerance. In
Ccr7/mice, for example, an increase in the number of SP cells
in the thymic cortex is associated with autoimmune phenomena,
a pathology attributed to the loss of CCR7-directed migration of
maturing thymocytes to the medulla (Ueno et al., 2004; Kurobe
et al., 2006). These results suggest that Plxnd1/ fetal liver
cell-transplantedmicemay foster autoimmune disease, perhaps
because of an increased survival of autoreactive thymocytes.
However, because mature CD4+ SP thymocytes express
CCR7 but not CCR9, CD4+ SP thymocytes should still be able
to migrate to the medulla even in Plxnd1/ fetal liver cell-trans-
planted mice. In contrast, in Ccr7/ or its ligand-deficient mice,
SP thymocytes do not migrate to the medulla, resulting in small
and fragmented medullary structures (Misslitz et al., 2004; Ueno
et al., 2004). Thus,Plxnd1/ andSema3e/mice present a thy-
mic organization and phenotype similar to that of Ccr7/ mice.
We expect, however, that any autoimmune disease phenotype
may be milder in Plxnd1/ fetal liver cell-transplanted mice or
Sema3e/ mice compared to Ccr7/ mice.
The relative localization of DP and SP thymocytes is important
in the formation of thymic corticomedullary structures. For ex-
ample, analysis of CCR7 transgenic mice revealed abnormal
migration of immature DP thymocytes into the medulla with at-
tendant disruption of normal thymic architecture (Kwan and Kill-
een, 2004). It is currently unclear which signals normally exclude
DP thymocytes from themedulla. The reciprocal expression pat-
tern of plexinD1 on DP cells and sema3E in themedulla suggests
that the expression of plexinD1 results in repulsion away from the
sema3E gradient, as is seen in mammalian cortical brain devel-
opment (Watakabe et al., 2006), and that downregulation of plex-
inD1 during the DP-to-SP transition breaks down the repulsion
and allows the cells to respond to the CCL21 gradient attracting
them to the medulla. The absence of plexinD1 would then be
predicted to disrupt all stages of DP cell migration (as we ob-
served). This hypothesis also predicts the disorder found in
mice lacking sema3E. Whereas the localization of DP and SP
thymocytes is regulated by chemokines according to specific
spatial and temporal patterns in the thymus, DP and SP thymo-
cytes also regulate the development of cortex and medulla,
showing that thymocytes and thymic epithelial structures de-
velop in a codependent fashion. Such thymocyte-epithelium
crosstalk has been documented (Lerner et al., 1996).
TCR signaling in thymocytes is an important regulator of both
CCR9 expression and CCR9-mediated migration. After pre-
TCR complex signaling, DN thymocytes initiate CCR9 expres-896 Immunity 29, 888–898, December 19, 2008 ª2008 Elsevier Inc.sion but display weak responsiveness to CCL25 in an in vitro
transwell migration assay (Norment et al., 2000). After TCR stim-
ulation, activated DP thymocytes strongly respond to CCL25
expressed by cTECs (Wurbel et al., 2000). It is unclear why
CCL25 does not induce rapid migration of unstimulated DP thy-
mocytes expressing high amounts of CCR9, but this observa-
tion is consistent with the slow movement of cortical thymo-
cytes observed with two-photon microscopy (Ladi et al.,
2006). TCR signaling may alter the cytoskeletal network to reg-
ulate productive CCR9-driven motility. Because plexinD1 alone
does not induce thymocyte migration but rather inhibits CCR9-
mediated migration of activated DP thymocytes, plexinD1 may
block migration by disrupting the cytoskeleton-integrin network
(Kruger et al., 2005).
Although CCR9 is important for T-lymphoid progenitor cell
migration to fetal thymus prior to vascularization (Liu et al.,
2006), the function of CCR9 in thymocytes is not well established
(Uehara et al., 2002). Because CCL25 is expressed not only in
cTECs but also in CD11b thymic dendritic cells (DCs) (Vicari
et al., 1997), CCR9 activation may enhance TEC-thymocyte or
DC-thymocyte interactions for positive and negative selection.
In general, it is becoming increasingly appreciated that the
plexin-semaphorin axis associated with axon pathfinding also
plays a role in lymphocyte development and function. For ex-
ample, semaphorin 4A binds to Tim2, an interaction important
both in T cell priming and development of a Th1 immune re-
sponse (Suzuki et al., 2008). Semaphorin 7A binds to a1b1 in-
tegrin in which this interaction is important in T cell-mediated
hypersensitivity (Suzuki et al., 2008). Semaphorin 4D binds to
CD72 on B cells and this interaction is significant in the
CD40-induced B cell response and CD5+ B-1 cell development
(Suzuki et al., 2008). PlexinA4 on T cells functions in the inhibi-
tion of T cell proliferation and activation, leading to develop-
ment of severe autoimmune disease in Plxna4-deficient mice
(Yamamoto et al., 2008). PlexinA1 forms a protein complex
with Trem2 and DAP12 and binds to semaphorin 6D. In
Plxna1-deficient mice, DCs do not stimulate antigen-specific
T cells efficiently and osteopetrosis develops as a result of
a T cell-dependent defect in osteoclast development (Suzuki
et al., 2008). These earlier results show that the semaphorin
and plexin receptor-ligand pairs have pleiotropic functionality
in the mature peripheral immune system. Our current results ex-
amining plexinD1 and sema3E extend the role of the plexin-
semaphorin axis to the developing T lineage and suggest that
in all likelihood, other plexins and semaphorins further contrib-
ute to the fine positional coordination and migratory paths of
cells within the thymus.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents
Anti-FcgR (2.4G2), anti-TCRb-APC, anti-CD69-FITC, anti-CD25-PE, anti-
CD44-biotin, streptavidin-APC-Cy7, anti-CD4-Alexa-Fluor-647, and anti-Ly-
CD45.2-FITC were purchased from BD-Pharmingen (San Jose, CA). Anti-
CD4-Pacific Blue and anti-CD8a-Pacific Orange were purchased from
Calbiochem (San Diego, CA). TROMA1 (anti-Keratin8 mAb) clone was pur-
chased from Developmental Studies Hybridoma Bank (Iowa City, IA). ER-
TR5 was provided by W. van Ewijk (Leiden University Medical Center, Nether-
lands). Unconjugated and HRP-conjugated F(ab’) anti-mouse g2c heavy chain
was purchased from Jackson Immunoresearch (West Grove, PA).
Immunity
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Single-cell suspensions in PBS were prepared from the indicated lymphoid
organs. Two million cells per sample were blocked with FcR block (2.4G2)
1 mg/ml for 15 min at 4C and incubated with the indicated antibodies or
sema-Fc proteins for 15 min at 4C. After washing with cold PBS (200 ml),
the cells were spun at 1200 rpm for 5 min and, when necessary, incubated
with streptavidin-APC-Cy7. After another wash with cold PBS, cells were re-
suspended in PBS and analyzed (FACSAria, Becton Dickinson CA).
Confocal Microscopy
Frozen thymi embedded in OTC compound (Sakura Finetek, CA) were sliced
into 4-mm-thick sections and fixed in acetone for 10 min. After rehydration
with PBS, the frozen sections were stained with anti-CD69-FITC or ER-TR5
(rat IgM) and anti-rat IgM-Alexa-Fluor-647 (Invitrogen, CA), anti-CD8a-TRITC
and anti-CD4 (GK1.5)-Alexa-Fluor-647. Images were obtained with a Zeiss
LSM510 (Ar and He-Ne lasers; excitation at 488 nm, 546 nm, and 633 nm) con-
focal laser-scanning microscope (Carl Zeiss MicroImaging, NY).
Detailed experimental procedures for purification of sema3E-Fc,
sema3F-Fc, and plexinD1-Fc proteins, measurement of plexinD1-semaphorin
interactions with surface plasmon resonance, microarray analysis, laser cap-
ture microdissection, migration assay, fetal liver cell transplantation, immuno-
histochemistry, immunoprecipitation, and immunoblotting can be found in the
Supplemental Experimental Procedures.
Statistical Analysis
Data are presented as mean values ± one standard error (SE).
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and nine
figures and can be found with this article online at http://www.immunity.
com/supplemental/S1074-7613(08)00498-6.
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